Piscicolin 126 is a class 2a bacteriocin produced by Carnobacterium maltaromaticum strains UAL26 and JG126. Whilst strain UAL26 shows temperature-dependent piscicolin 126 production, strain JG126 produces bacteriocin at any growth temperature. Several clones containing combinations of the ATP-binding cassette transporter (pisT) and transporter accessory (pisE) genes from JG126 and UAL26 were created and tested for bacteriocin production. Bacteriocin production at 25 6C was observed only for a clone containing both pisT and pisE from JG126 (U-T J E J ) and a clone containing pisT from UAL26 and pisE from JG126 (U-BamT U E J ). Therefore, the deletion of a single CG base pair located on pisE of UAL26 that results in a frameshift and truncation of PisE causes the temperature-dependent piscicolin 126 production. Bacteriocin production of UAL26 was induced at 25 6C by the addition of supernatant containing the autoinducer peptide (AIP); however, the antimicrobial activity was lost after two subsequent overnight cultivations due to the presumed lack of the AIP. Changes in membrane fluidity due to changes in temperature or the presence of 2-phenylethanol (PHE) affected bacteriocin production of UAL26, but not of clones U-
INTRODUCTION
Bacteriocins of lactic acid bacteria are small ribosomally synthesized antimicrobial proteins or peptides that kill or inhibit the growth of closely related species of bacteria. They inhibit the growth of a wide range of Gram-positive bacteria, including Bacillus, Clostridium, Enterococcus, Listeria and Staphylococcus (Gálvez et al., 2007; Tagg et al., 1976) . For this reason some are used as natural tools to control pathogenic and spoilage bacteria in many food products (Cleveland et al., 2001; O'Sullivan et al., 2002) .
The ability to produce bacteriocins gives an advantage to cells to compete with other bacterial species. However, bacteriocin synthesis requires additional energy and production is often regulated. Regulation of bacteriocin production based on quorum-sensing and autoinduction mechanisms can be found for many bacteriocins, such as nisin, sakacin P and carnobacteriocin B2 (Eijsink et al., 1996; Kuipers et al., 1995; Saucier et al., 1995) . In general, this is a three-component regulatory system composed of an autoinducer peptide (AIP), a histidine kinase (HK) protein and a response regulator (RR). The AIP acts as an indicator of cell density that is sensed by the corresponding HK, resulting in activation of the RR (via phosphorylation), which controls gene transcription through the regulated promoters of target genes. In most bacteriocin production systems, the AIP is a dedicated peptide, but exceptions exist; for instance, in the nisin system, the bacteriocin also functions as the AIP, and in the carnobacteriocin B2 system, both the bacteriocin and dedicated AIP function as AIPs. Both the class IIa bacteriocin and the AIP are synthesized as precursors with a double-glycine leader peptide at their N terminus, and are believed to be cleaved and transported by the same secretion/processing proteins [ATP-binding cassette (ABC) transporter and accessory protein] during the translocation to the extracellular space (Quadri, 2002) . Both the ABC transporter and the accessory protein required for transport and proteolytic activation of the bacteriocin are integrated in the membrane (Skaugen et al., 2003) .
In addition to the quorum-sensing mechanism, several strains of bacteria produce bacteriocins that are dependent on the growth temperature. Temperature-dependent production has been reported for piscicolin 126 (Gursky et al., 2006) , sakacin A (Diep et al., 2000) , carnocin KZ231 (Khouiti & Simon, 2004) and curvacin A (Messens et al., 2003) ; however, to date, no research has fully explained this phenomenon. Temperature influences many processes in the bacterial cell, ranging from activity of a single enzyme to multiple cellular processes that impact the growth rate of the cell. In the membrane, in particular, a lower temperature increases the amount of phospholipids in a liquid crystalline state and therefore the membrane fluidity of the cell. The membrane fluidity may affect the arrangement of the embedded protein domains and therefore affect the function of the protein (Nedwell, 1999) . The addition of 2-phenylethanol (PHE) increases the membrane fluidity in membrane vesicles and Gram-positive bacteria (Killian et al., 1992; Schwab & Gänzle, 2006) . This may be a useful tool to understand the impact of membrane fluidity on bacteriocin production. Gursky et al. (2006) reported the temperature-dependent production of piscicolin 126 by Carnobacterium maltaromaticum UAL26. The piscicolin 126 gene cluster located on the chromosome consists of seven genes located in two operons; the first includes the immunity gene (pisI) and structural gene (pisA), and the second includes the induction gene (pisN), HK gene (pisK), RR gene (pisR), ABC transporter (pisT) and transport accessory gene (pisE). A comparison of the gene clusters of UAL26 with C. maltaromaticum JG126, a strain in which piscicolin 126 production is not temperaturedependent, revealed 12 non-silent point mutations and one point deletion. Ten point mutations that caused amino acid substitutions are located in the dedicated transporter gene, one in the immunity gene and one in the HK gene. One point deletion located in the transport accessory gene causes a frameshift and a translation stop signal is encoded after 12 codons. This results in the truncation of PisE by 145 aa in UAL26, as compared with a total of 326 aa in JG126 (Gursky et al., 2006) . The gene cluster of sakacin A is organized in a similar manner to piscicolin 126. It also contains two operons; the first contains structural and immunity genes, and the second contains the three-component regulatory system and the transporter protein with its accessory protein (Axelsson & Holck, 1995; Quadri, 2002) . Lactobacillus sakei Lb706 and Lactobacillus curvatus LTH 1174 were used in the current study as both of these strains show temperature-dependent bacteriocin production. These were used in addition to C. maltaromaticum UAL26 to provide further evidence of the role of membrane fluidity in temperature-dependent bacteriocin production.
The aim of this study was to elucidate the mechanism that controls temperature-dependent bacteriocin production in C. maltaromaticum UAL26.
METHODS
Bacterial strains, plasmids and growth conditions. Strains of C. maltaromaticum UAL26 (Gursky et al., 2006) , C. maltaromaticum JG126 (Jack et al., 1996) and Listeria monocytogenes ATCC 43256 were grown in APT (All Purpose Tween) broth at 25 uC for 16 h prior to use. Lactobacillus sakei Lb706 (Schillinger & Lücke, 1989) and Lactobacillus curvatus LTH 1174 (Vogel et al., 1993) were grown in MRS (deMan, Rogosa and Sharpe) broth. All media were purchased from Becton Dickinson. All clones containing plasmid pCD5 and their recombinant varieties were grown in APT broth containing 5 mg erythromycin ml 21 (Sigma-Aldrich).
DNA extraction, purification and manipulation. The genomic and plasmid DNA were purified using a DNeasy Blood and Tissue kit and Qiagen Plasmid Mini or Maxi kit (Qiagen). Restriction enzymes (BamHI and PciI) and Antarctic phosphatase were purchased from New England Biolabs, and used as specified by the manufacturer. DNA ligation was done by using a Fast-Link DNA Ligation kit (Epicentre Biotechnologies). Competent cells of C. maltaromaticum were prepared and the family of pCD5 plasmids were transformed as described previously .
Antimicrobial activity assay. Antimicrobial activity was determined using a spot-on-lawn method (Lewus & Montville, 1991) . Briefly, semi-solid APT agar (0.75 % agar) was inoculated with the indicator strain at 10 6 c.f.u. ml 21 , poured onto plates and let solidify. Series of 2-or 1.3-fold dilutions were prepared out of the tested samples and spotted onto prepared plates. Arbitrary units (AU ml 21 ) of activity were defined as the reciprocal of the highest twofold dilution showing a clear zone of growth inhibition. In the case of sakacin A (curvacin A), 1.3-fold dilution series were used. Listeria monocytogenes ATCC 43256 is not inhibited by carnobacteriocin BM1, B2 and A produced by C. maltaromaticum LV17 (Gursky, 2004) , and therefore it was chosen as an indicator organism because carnobacteriocin BM1 is also produced by strains UAL26 and JG126. Therefore, selection of ATCC 43256 eliminated any possible interference with results that would have been caused by the antimicrobial activity of carnobacteriocin BM1.
. Primer pairs pisTE-F1, Pci1-R2 and Pci1-F2, pisE-R2 were used to ensure clones with the same direction of reading for pisT and pisE were selected.
Reverse transcription-quantitative PCR (RT-qPCR). RNA was stabilized by RNAprotect Bacteria Reagent (Qiagen) when the OD 600 reached 0.4. The total RNA was purified by the RNeasy Mini kit (Qiagen). The residual DNA was digested by RQ1 RNase-Free DNase (Promega). The first-strand cDNA was synthesized by SuperScript III Reverse Transcriptase (Invitrogen). Random Primers (Promega) and 10 mM dNTP Mix (Invitrogen) were used. The qPCR was carried out using the QuantiFast SYBR Green PCR kit (Qiagen) and 7500 Fast Real-Time PCR System (Applied Biosystems). The primers listed in Table 1 were used to amplify the genes of interest. The calculation of the relative quantification ratio was done using the efficiency IP: 54.70.40.11
On: Tue, 18 Dec 2018 20:25:32 corrected calculation model based on multiple samples as described previously (Pfaffl, 2006) . The relative expression data were normalized according to reference rRNA. All kits and reagents were used according the manufacturers' protocols.
Effect of PHE on the production of piscicolin 126 and sakacin A. C. maltaromaticum UAL26, JG126, U-T U E U and U-T J E J were grown in APTNT broth (APT broth without Tween 80) containing 1, 6 and 12 mmol PHE l 21 (Sigma) at 15 and 25 uC. Lactobacillus sakei Lb706 and Lactobacillus curvatus LTH 1174 were grown at 30 and 35 uC in MRS broth containing the same amounts of PHE as above. The antimicrobial activity of culture supernatants was determined against Listeria monocytogenes.
Determination of the membrane fluidity. Cultures (OD 600 1.0) were centrifuged, washed twice and resuspended in 50 mM phosphate buffer (pH 6.5; with 10 mM glucose). The fluorescent dye Laurdan (Molecular Probes) was added to the cell suspension to a final concentration of 40 mmol l 21 and the cells were stained for 30 min at 30 uC. After staining, the cells were washed twice in the same buffer. Laurdan emission spectra were recorded in a spectrophotometer (Varioskan Flash Multimode Reader; Thermo Scientific) at 15 and 25 uC. The excitation wavelength was 360 nm and the emission wavelength ranged from 380 to 550 nm. The generalized polarization (GP) as a measure of membrane fluidity was ) from the frozen stock culture. The culture supernatants were heated at 60 uC for 30 min. APT broth was supplemented with 1 % (v/v) heat-inactivated supernatants from UAL26 grown at 15 (S15) or 25 uC (S25), inoculated with 1 % (v/v) Bac 2 UAL26 and the samples were incubated at 25 uC for 16 h. After 16 h of cultivation, the cultures were inoculated into fresh APT broth and incubated for 16 h at 25 uC. Lactobacillus sakei Lb706 and Lactobacillus curvatus LTH 1174 were grown in MRS broth at 30 (Bac + ) and 35 uC (Bac 2 ). Three consecutive overnight cultivations in fresh medium were carried out, and the cultures were sampled at OD 600 0.4 for transcriptional analysis and for antimicrobial activity (UAL26 only), and in the stationary phase of growth for antimicrobial activity. The experiment was performed in triplicate.
Statistical analysis. Significant differences and comparisons among means were determined using a Tukey multiple-comparison test. The data were considered to be significantly different if P,0.05. 
Underlined bases denote the PciI and BamHI restriction sites. *Annealing temperature 58 u C. DAnnealing temperature 50 u C.
pisTE-F1 4165-6657*, pisTD U-T bacteriocin production, clone U-BamT 
Induction of piscicolin 126 and sakacin A production
Induction of piscicolin 126 production by UAL26 was further examined with regard to the role of transporter proteins. It was presumed that bacteriocin and its AIP are transported by the same mechanism involving cleavage of a pre-peptide and translocation across the membrane (Quadri, 2002) .
When a Bac
2 culture of UAL26 was cultivated at 25 u C in medium containing exogenously added AIP in the form of supernatant from a Bac + culture (1 % S15), the culture became bacteriocin positive. The antibacterial activity measured after 24 h reached 50 % of the activity of the WT strain grown at 15 u C (Table 4) . (previously cultivated at a lower temperature) of Lactobacillus sakei Lb706 and Lactobacillus curvatus LTH 1174 cultivated at a higher temperature became Bac + and the production of sakacin A reached 50 % of the bacteriocin titre of ordinarily induced sakacin A production at lower temperature. In the present study, when the artificially induced culture of UAL26 was inoculated into medium without AIP and cultivated at 25 u C, the antimicrobial activity dropped substantially and the following subculture caused total loss of activity (Table 4 ). The transcriptional analysis of the UAL26 culture induced by S15 indicated that all genes (including pisN) were transcribed at a similar level to Bac + UAL26 grown at 15 u C (data not shown). The piscicolin 126 production of the culture that was induced previously was interrupted when the strain used all exogenously added AIP (PisN) or its concentration was diluted below a threshold. As piscicolin 126 production at 25 u C was recovered in clones where the transporter accessory gene (pisE) from JG126 was cloned into UAL26, it was concluded that UAL26 was unable to transport PisN out of the cell and that PisE was involved in the transport of AIP.
An identical induction experiment was conducted with strains Lactobacillus sakei Lb706 and Lactobacillus curvatus LTH 1174 to illustrate that this mechanism was not unique to piscicolin 126. Similarly, sakacin A production by strains Lb706 and LTH 1174 at elevated temperature (35 u C) was induced by addition of supernatants from Bac + cultures grown at lower temperature (30 u C) to 180 and 130 AU ml 21 , respectively. The subsequent subculture of induced cultures into fresh media and cultivation at 35 u C led to the loss of antimicrobial activity. In this case bacteriocin production was induced only for one subculture.
Influence of PHE on bacteriocin production
To test our hypothesis that the biophysical state of the membrane may influence the functionality of membraneembedded transporter proteins through alteration of protein conformation, we examined the relationship between bacteriocin production and membrane fluidity. Membrane fluidity was expressed as a Laurdan GP, and it was measured on cultures grown in regular medium and in media supplemented with PHE. PHE was added to simulate higher growth temperatures by increasing membrane fluidity. Laurdan GP values of WT UAL26 decreased from 0.41±0.03 to 0.24±0.03 when measured at 15 and 25 u C, respectively, indicating an increase in membrane fluidity. The addition of PHE decreased the amount of bacteriocin detected for cultures of UAL26 and U-T U E U , whilst the antimicrobial activity did not change for JG126 and U-T J E J (Table 5) . Laurdan GP values decreased consistently with an increase of PHE in the growth media in all cultures. PHE at 6 mmol l 21 in culture medium of UAL26 and U-T U E U caused a decrease of antimicrobial activity by 50 %, whilst at 12 mmol PHE l 21 no antimicrobial activity was detected. An increase of temperature or addition of PHE decreased the Laurdan GP values, which indicated an increase in membrane fluidity. The function of bacteriocin transporter proteins (PisT and PisE) from UAL26 was affected by changes in membrane fluidity, whilst the function of PisT and PisE from JG126 remained unchanged. An increase in membrane fluidity caused by PHE also decreased the detection of sakacin A produced by Lactobacillus sakei Lb706 and Lactobacillus curvatus LTH 1174 (Table 5) .
DISCUSSION
The optimum growth temperature of C. maltaromaticum UAL26 is 25 uC, but the production of piscicolin 126 is not observed in broth cultures incubated at temperatures higher than 19 u C (Gursky et al., 2006) . Bacteriocin production can be induced by unfavourable growth conditions (DeVuyst et al., 1996) , but stress conditions (growth in high glucose and sucrose concentration, pH 4-9, heat shock at 60 u C for 30 min) other than lower cultivation temperature did not induce piscicolin 126 production by UAL26 (data not shown). Therefore, this research focused on understanding the molecular basis for piscicolin 126 production in UAL26.
We found that a point mutation caused the piscicolin 126 temperature-dependent production of C. maltaromaticum UAL26. A point deletion located on the accessory transporter gene caused a frameshift and a premature termination of translation, and resulted in truncation of the gene.
The amino acid similarity of PisE between strains JG126 and UAL26 is 44.5 %; therefore, cloning pisE of JG126 into UAL26 was our first strategy. However, cloning only pisE into UAL26 did not recover bacteriocin production at 25 u C, but cloning both transporter genes, pisT and pisE, did recover bacteriocin production. According to the prediction of transmembrane helices in proteins using a hidden Markov model (Krogh et al., 2001; Technical University of Denmark, 2013) , PisT contains six transmembrane helices and PisE contains one helix. The PisE transmembrane helix is located between aa 20 and 42; hence, it is present in PisE of UAL26. PisT and PisE might complex to a single transmembrane protein. Genes pisN, pisK, pisR, pisT and pisE are polycistronic, and when pisT and pisE are translated they may complex instantly due to their immediate proximity; therefore, if pisE is translated from a different mRNA, there is no pisT available to form a complex. It is possible that in clone U-E J , pisT preferably complexes with the truncated pisE coded on the same operon rather than with a full-length pisE coded on the plasmid. Accessory proteins or domains were reported previously that could be parts of the ABC transporter complex proteins (Biemans-Oldehinkel et al., 2006) . Although their exact role in bacteriocin transport has not been elucidated previously, it has been shown that for several bacteriocins, accessory proteins or domains are necessary for bacteriocin production (van Belkum & Stiles, 1995; Axelsson et al., 1998) . Our data proved that the transporter accessory protein is involved in transport of the AIP. However, this finding could be case-specific as some bacteriocins lack the accessory transporter protein (Vaughan et al., 2003) . Other point substitutions located in pisT were not involved in temperature-dependent production of piscicolin 126. Substitutions in pisI and pisK were not considered to be involved as UAL26 immunity to piscicolin 126 was not affected by temperature, and a point mutation in pisK resulted in substitution of amino acids with similar hydrophobicity (Met : Ile).
A mechanism involved in the temperature-dependent bacteriocin production of piscicolin 126 was discovered. We conclude that the factor that caused the temperature dependence of bacteriocin production is the blocked translocation of the AIP (PisN) at higher temperaturesa direct result of the truncation of PisE. The similar behaviour of Lactobacillus sakei Lb706 and Lactobacillus curvatus LTH 1174 producing sakacin A/curvacin A suggests the mechanism described in this study is not unique to UAL26. However, the membrane fluidity effect in the sakacin A/curvacin A system cannot be linked to any specific protein due to the lack of any known sakacin Aproducing strains with temperature-independent production. Sakacin P, which is not reported to have temperaturedependent production (Hühne et al., 1996) , has an accessory protein that is very different in amino acid structure compared with the accessory protein for sakacin A (57 % aa homology). It is possible that the temperaturedependent production of sakacin A/curvacin A in Lactobacillus sakei Lb706 and Lactobacillus curvatus LTH 1174 is related to conformational changes in the accessory protein.
The underlying mechanism involved in the temperaturedependent bacteriocin production is associated with membrane fluidity. In this study, membrane fluidity was changed by altering temperature or by addition of PHE. It is possible that these induced changes in the biophysical state of the membrane cause conformational changes of embedded proteins, which may result in the alteration of their function. Bogdanov et al. (2002) showed that the To conclude, to the best of our knowledge, this is the first study that has included cell membrane properties to understand the regulatory pathway of bacteriocin synthesis. We demonstrated that the AIP required for piscicolin 126 production is not transported out of the cell when C. maltaromaticum UAL26 is grown at higher temperatures and that the transporter accessory protein is essential for AIP transport of piscicolin 126. Bacteriocins are used as a food preservative mostly to control Listeria monocytogenes and therefore understanding the mechanisms that control their production is essential for the effective application of bacteriocin-producing cultures in foods.
